ABSTRACT. Infants who subsequently succumb to the sudden infant death syndrome (SIDS) have higher heart rates and reduced heart rate variation com~ared with other infants. We examined dynamic changes in cardiac interbeat intervals to explore these differences in cardiac control. Recordings of electrocardiographic activity and respiratory movement were acquired from 13 SIDS victims before their deaths. Moment-to-moment changes in R-R intervals during quiet sleep, rapid eye movement sleep, and waking were compared with values of 13 matched control infants. For each sleep-waking state, every R-R interval was plotted against the previous interval (PoincarC plots), and each change in interbeat interval was plotted against the previous change. Dispersion of interbeat intervals at different heart rates was reduced in SIDS victims, resulting in Poincare plots markedly different from those of controls. The dispersion, sampled at the 10th and 90th percentiles of heart rates, was reduced across all sleep-waking states in SIDS victims. At high heart rates, the difference between groups disappeared after correcting for basal rate; however, the reduced range at low heart rates was independent of basal rate. SIDS victims also showed smaller beat-to-beat changes in heart rate and fewer sustained runs of consistent heart rate changes during waking relative to controls. The differences in cardiac rate dynamics suggest altered autonomic control in infants who succumb to SIDS. We speculate that the autonomic disturbance may lead to cardiac instability or may indicate CNS alterations with the potential to affect other vital functions. (Pediatr Res 31: 606-612,1992) Abbreviations AW, waking QS, quiet sleep REM, rapid eye movement SIDS, sudden infant death syndrome ANOVA, analysis of variance Infants who subsequently succumb to SIDS demonstrate higher heart rates, diminished heart rate variation associated with respiration, and disturbed long-term coordination of cardiac and Supported by HD22695 from the National Institute of Child Health and Human Development, U.S. Public Health Service.
ABSTRACT. Infants who subsequently succumb to the sudden infant death syndrome (SIDS) have higher heart rates and reduced heart rate variation com~ared with other infants. We examined dynamic changes in cardiac interbeat intervals to explore these differences in cardiac control. Recordings of electrocardiographic activity and respiratory movement were acquired from 13 SIDS victims before their deaths. Moment-to-moment changes in R-R intervals during quiet sleep, rapid eye movement sleep, and waking were compared with values of 13 matched control infants. For each sleep-waking state, every R-R interval was plotted against the previous interval (PoincarC plots), and each change in interbeat interval was plotted against the previous change. Dispersion of interbeat intervals at different heart rates was reduced in SIDS victims, resulting in Poincare plots markedly different from those of controls. The dispersion, sampled at the 10th and 90th percentiles of heart rates, was reduced across all sleep-waking states in SIDS victims. At high heart rates, the difference between groups disappeared after correcting for basal rate; however, the reduced range at low heart rates was independent of basal rate. SIDS victims also showed smaller beat-to-beat changes in heart rate and fewer sustained runs of consistent heart rate changes during waking relative to controls. The differences in cardiac rate dynamics suggest altered autonomic control in infants who succumb to SIDS. We speculate that the autonomic disturbance may lead to cardiac instability or may indicate CNS alterations with the potential to affect other vital functions. (Pediatr Res 31: 606-612,1992) Abbreviations AW, waking QS, quiet sleep REM, rapid eye movement SIDS, sudden infant death syndrome ANOVA, analysis of variance Infants who subsequently succumb to SIDS demonstrate higher heart rates, diminished heart rate variation associated with respiration, and disturbed long-term coordination of cardiac and respiratory measures relative to age-matched controls (1) (2) (3) (4) (5) . Some of these differences are apparent only in particular sleepwaking states (2, 4, 6) . We examined respiratory patterning to determine the factors underlying the differences in heart rate variation and found fewer respiratory pauses in the SIDS victims (7) ; however, respiratory rate and its overall variability did not differ significantly from those of control infants (2) . Despite the similarities on summary respiratory measures (respiratory rate and overall variability) between a group of infants who succumbed to SIDS and a group of infants who survived, some modulator of cardiac interbeat intervals must be responsible for the diminished cardiac variation observed in infants who later succumb to SIDS. Although summary measures of cardiac activity failed to distinguish those aspects, examination of momentto-moment dynamics of cardiac patterning may reveal the mechanisms influencing cardiac interval variation. Examination of dynamic aspects of cardiac interval changes reveal unique patterning in patients with congestive heart failure (8) and congenital central hypoventilation syndrome ["Ondine's Curse" (9) ]; dynamic patterning of cardiac activity is also altered in animals with myocardial ischemia who succumb to sudden death (10) and after cocaine intoxication (1 1). We hypothesized that assessment of beat-to-beat aspects of cardiac interval changes would differentiate infants who later succumb to SIDS from matched control infants.
The procedures that detected the higher heart rates and diminished heart rate variation in infants at risk for SIDS yielded overall, or summary, characteristics of rate and changes in interbeat intervals over relatively long periods of time (measures of their central tendency). These procedures included spectral techniques, means, medians, SD, and interquartile ranges. To examine moment-to-moment, or dynamic, changes in cardiac intervals, we recruited techniques appropriate for assessment of beat-to-beat interval changes.
A simple procedure, which provides information about both beat-to-beat and long-term changes in cardiac rate, involves plotting each R-R interval (the interval between successive R waves of the ECG) against the previous interval [Poincark plot (12) l. This procedure provides an indication of I ) the average rate, 2) the dispersion in next-interval values for any observed heart rate, 3) the overall heart rate variation, which is reflected in the spread of values on both the x and y axes, and 4) the trend of dispersion in interbeat interval as rate changes. We adopted this procedure to examine patterns of cardiac variation in infants who later succumbed to SIDS and control infants.
To assess patterns of moment-to-moment change in heart rate, each ARR (the time difference, measured in ms, between two successive R-R intervals, i.e. RR,,? -RR,,,) may be plotted against the previous difference (RR,,, -RR,). Such a plot demonstrates the change in interbeat interval as a function of the previous interval change.
Patterns of heart rate variation are particularly sensitive to state influences; thus, sleep states must be controlled when using comparisons between SIDS victims and other infants. During QS, for example, short-term heart rate variation is enhanced and overall variance reduced relative to those values found in REM sleep (1 3). Furthermore, certain differences previously identified between SIDS victims and controls are apparent only during particular sleep-waking states (2, 4) . We examined instantaneous and long-term changes in cardiac beat-to-beat intervals during sleep and AW states in control infants and infants who later succumbed to SIDS.
MATERIALS AND METHODS
Subjects. Twenty-four-hour recordings of ECG and respiratory movements were obtained on one or two occasions from 6914 normal, full-term infants during the first few months of life (14) . Sixteen of these infants later died with a postmortem determination of SIDS. Of these 16 infants, three subjects were excluded from analyses because excessive artifacts in their recordings precluded accurate sleep-state classification. For each of the 13 recordings of SIDS victims, one recording of a surviving infant of similar age, gender, and birth weight was selected as a matched control. t tests showed no significant difference in the birth weights of the SIDS victims and the controls ( p > 0.05). and Kruskal-Wallis nonparametric ANOVA indicated no significant difference in ages (p > 0.05). x2 analysis demonstrated no significant difference in the proportion of males to females between the group of SIDS victims and the group of controls ( p > 0.05).
Recording Procedures. All recordings were acquired using a Medilog (Oxford Medical Systems, Oxford, UK) four-channel recorder. Recordings of the 13 SIDS victims and the 13 matched controls were later digitized on a PDP-11/73 computer and stored on digital tape. The ECG was fed to a Schmitt trigger, which produced a pulse for each R wave, and the resulting trigger event times were recorded with the other digitized signals. Pulses from a crystal-controlled clock were placed on one channel of the recorder; these pulses were later used to control the analogto-digital converter on the computer, and thus ensured against errors from tape speed variation.
State Classification. The marked effects that sleep states exert on respiratory rate and variability were used to develop a discriminant function to classify sleep-waking states in infants (1 5). This system was developed on 12-h nighttime (1900-0700 h) recordings of infants; thus, only the nighttime portions of these data were state classified and used in analyses.
Breath-to-breath intervals (the time in ms from one respiratory peak to the next) were determined from the respiratory signals with a resolution of 63 ms, and median breath-to-breath intervals (a measure of respiratory rate) and interquartile range of breathto-breath intervals (a measure of respiratory variability) were determined for each 1-min epoch. Median breath-to-breath intervals corresponding to respiratory rates > 110 breathslmin or < 15 breaths/min are usually the result of artifacts; therefore, epochs with these aberrant median breath-to-breath intervals were labeled "artifact-contaminated." The median breath-tobreath interval for an epoch is only minimally affected by apneic episodes, which are represented by single long intervals; thus, epochs were not identified as artifactual on the basis of apneic pauses.
Cardiac R-R intervals were computed from R wave trigger event times with a resolution of 2 ms. An automated routine was used to identify artifacts in the cardiac R-R intervals, and, where possible, to correct artifacts by recombination of adjacent R-R intervals (16). Those 1-min epochs with many artifacts (> 30 artifacts or several artifacts that could not be corrected by recombination of intervals) were also labeled "artifact contaminated." Epochs identified as artifact contaminated based on aberrant values for respiratory rate or variability or on artifacts in the ECG triggers were eliminated from the study before the sleep state classification, thus minimizing the effect of artifacts on sleep state classification.
Each 1-min epoch between 1900 and 0700 h was classified as QS, REM sleep, AW, or indeterminate state based on aspects of cardiac and respiratory rate and variability. The AW state was identified principally by rapid heart rate and substantial variability in respiratory rate, QS by regular respiration with slow heart rate and enhanced respiratory-related heart rate variation, and REM sleep by slow, irregular respiratory rate and relatively slow heart rate with large low-frequency oscillations. To allow for accurate identification of sleep-waking states despite considerable intersubject variation (e.g. respiratory rate is higher in some infants than in others), values for each measure were normalized over each recording without regard to other recordings. Z scores from one individual were used to classify each epoch in the recording of that individual. This automated infant sleep state classification system is capable of identifying sleepwake states with a level of accuracy similar to that of a trained observer using all physiologic signals (15).
The output of the state classification routine was a list of 720 state codes for each recording. Each code represented the sleep state of the infant during a 1-min epoch beginning at 1900 h and ending at 0700 h. Five codes were used to indicate QS, REM sleep, AW, indeterminate state, and artifact contamination.
Analyses. Cardiac R-R intervals were plotted as a function of time over the entire recording period. For each recording, all R-R intervals in all I-min epochs identified as QS were stored in one computer file. Similar files were constructed for REM sleep and AW. All subsequent analyses were performed on these 78 files (26 subjects x three sleep-waking states). All analyses used repeated measures ANOVA, in which each SIDS victim was compared with a matched control; thus, the effects of postnatal age were controlled. Tests of sphericity (17) were applied to all interactions to assess the degree of dependence of the factors. When these tests revealed significant dependence, the HuynhFeldt adjustment (18) was used, and the adjusted probability values are reported.
S~~r n m a r y Measures. The means and SD of the R-R intervals were calculated for the three data files from each subject, and ANOVA was used to compare these measures of heart rate and variability in the pairs of SIDS victims and matched controls. RR,,, Versus RR, (Poincare) Plots. Each cardiac interval length was plotted on the y axis against the previous value on the x axis, resulting in an RR,,, verszcs RR, (Poincare) plot, where the R-R interval is the time in ms from one R wave of the ECG to the next, and n is the interval number. Each plot illustrates I ) the beat-to-beat dispersion (changes in RR,,, at a given value of RR,), which is reflected in the scatter of values on the y axis for any value of x; 2) the change in dispersion as values on the x axis change; and 3) the overall range of R-R intervals, which is reflected in the absolute extent of dispersion of points on both the x and y axes.
Pearson's r coefficient was used to assess the correlation of R-R intervals with the subsequent intervals. The resulting r values for each infant in each state were subjected to a square root transform to normalize their distribution, and the resulting values were subjected to a two-way ANOVA to assess differences across sleep states and risk groups.
To assess the extent of dispersion of points in the Poincare plots and the shape of the plots, the range of v values at the 10th and 90th percentile values for x were calculated. Because the range can be profoundly affected by outliers, the points in the highest and lowest 10% were excluded from calculations of the range; thus, the range was defined as the time difference, in ms, from the 10th to the 90th percentile of y values for a given x. A three-way ANOVA [risk group X sleep state x heart rate (10 or 90%)] was performed on these values.
ARR,,, Versus ARR, Plots. To assess changes in R-R intervals, number of points, resulting either from differences in amount of we constructed ARRn+I versus ARR, plots. Each interval was time spent in each state or from differences in heart rate (in a subtracted from the next to obtain a difference value: ARR,,, = given time period, an infant with a faster heart rate will show a RR,,, -RR,. Each difference value was then plotted against the greater number of R-R intervals than one with a slow heart rate), previous difference, resulting in a ARR,+I versus ARR, plot. The the total number of intervals in each series was used as a covanate purpose for calculating these values was to remove the dominant in this analysis. characteristic apparent in the Poincark plots, i.e. the strong Analysis ofHeart Rate Dependency. Basal heart rate is known positive correlation between one interval and the next. Thus, the to be strongly correlated with several aspects of heart rate varia-ARR,+, versus ARR, plots reveal serial dependencies of cardiac tion (19). Inasmuch as previous studies have shown heart rate to accelerations and decelerations. be elevated in infants who succumb to SIDS (1, 2), all analyses The plots of differences between R-R interval changes can be were repeated using basal heart rate during each sleep-waking envisioned as values distributed on an area defined by four state as covariates to determine the heart rate dependence of quadrants. Each quadrant indicates the direction of two consec-each finding. utive changes in interval length (Fig. 1) . The ARR,+, versus ARR, plots therefore demonstrate I ) the ratio of short-to long-RESULTS term changes in heart rate and 2) the trends of variation in heart rate.
Summary statistics. Summary statistics for these recordings Ratio of highfrequency to lowfrequency heart rate variation. are presented in Table 1 . Heart rate was higher (indicated by High-frequency heart rate variation is characterized by many shorter R-R intervals in Table 1 ) in the SIDS victims than in the changes in the slope of the R-R interval time series (an increase control infants across all sleep-waking states ( p < 0.05). This in R-R interval length followed by a decrease and vice versa). result confirms earlier findings of increased heart rate in SIDS High-frequency variation is therefore reflected by many points victims during all s l e e~-~a k i n g states (1, 2). in quadrants a and d of Figure 1 . LOW-frequency heart rate The SD of R-R intervals showed a significant risk group x variation, on the other hand, is characterized by many sequential sleep state interaction ( p < 0.05); analysis of simple effects increases in interval length and many sequential decreases, in-indicated that SD of R-R intervals were significantly reduced in dicated by points in quadrants b and c of Figure 1 .
the SIDS victims relative to the controls during the AW state Trends of variation in heart rate. If changes from one interval only. This finding is also consistent with earlier findings of to the next occurred randomly and independently, all quadrants reduced overall heart rate variation (assessed by interquartile would have an approximately equal number of values. If, on the range of R-R intervals) in SIDS victims during the AW state other hand, heart rate tended to increase quickly (decreasing R-only (2). R intervals) and decrease more slowly (increasing R-R intervals), RR,,,] versus RR, (Poincare) plots. Poincare plots calculated there would be a greater number of intervals representing de-from each sleep-waking state for a control infant and an infant creasing heart rates (increasing R-R intervals); thus, more points who succumbed to SIDS are shown in Figure 2 . The dominant would fall in quadrants a and b than in c and d of Figure 1 . The characteristic of the scatter of points in SIDS victims is a relative opposite would be the case if heart rate decreased more quickly loss in the "fanning" of the distribution, i.e. a loss of the increased than it increased. dispersion of succeeding intervals as the cardiac interval lengthI5ach ARR"+I versus ARR" plot was quantified by the total ens (Fig. 2, Control) . In SIDS victims, the scatter showed minimal number of points in each quadrant. Because imprecision in change in dispersion as intervals increased (rate slowed) (Fig. 2 , measurement introduces "noise" in the form of very small ap-Control versus SIDS). All Poincare plots showed a strong beatparent changes in heart rate, only those changes in R-R duration to-beat correlation; r values ranged from 0.6 1 to 0.99 (means: greater than 4 ms were included for analysis. A common log 0.87, 0.93, and 0.92 for QS, REM sleep, and AW, respectively), transform was used to normalize the distribution of numbers of and correlations were significant in all 78 series. points in each quadrant across infants and sleep-waking states.
Several aspects of the PoincarC plots could be assessed. The A three-way ANOVA (SIDS risk x state x quadrant) was per-principal value of the Poincare plots lies in the demonstration of formed on these loglo values. To account for differences in the one interval-next interval dispersion at particular heart rates and the change in dispersion from high to low heart rates. Thus, we ANOVA also showed an interaction of SIDS risk and heart rate. increase followed Analysis of simple effects demonstrated that the reduction in by decrease point dispersion in SIDS victims relative to controls was more (+I-> Fig. 2 . Poincare plots of cardiac R-R intervals (RR,,,) vs the previous intervals (RR,) for an infant who subsequently succumbed to SIDS and a matched control infant during QS, REM sleep, and AW. Note the tendency for greater dispersion in one interval-next interval wlth larger R-R intervals in the control infant and the relative absence of that tendency in the SIDS victim. Overall variance, which can be assessed by the total range of scatter on both x and j2 axes, is little affected in this victim of SIDS. All figures are drawn to the same scale.
Actual
Adjusted at high (10th percentile of R-R intervals) and low (90th percentile of R-R intervals) heart rates in SIDS victims and controls. Figure   3 (Adjusted) demonstrates the same values after correcting for differences in heart rate. The reduction in point dispersion at high heart rates is virtually eliminated by adjusting for differences in basal heart rate; however, at low heart rates, the SIDS victims continue to show reduced point dispersion relative to controls. (Fig. 4) . In both the SIDS victims and the controls, quadrants u and d (the two quadrants representing alternating increasing and decreasing intervals) contained significantly more points than did quadrants b and c (those quadrants indicating sustained changes in heart rate) across all sleep states ( p < 0.05).
The principal finding was an interaction between state, risk, and quadrant ( p < 0.05). In the AW state, the SIDS victims exhibited a substantial decrease in points in the two quadrants reflecting sustained changes in heart rate (quadrants b and c) relative to controls; this finding was independent of heart rate differences between the groups. Although the SIDS victims also showed fewer time differences greater than 4 ms in the two quadrants reflecting alternating increases and decreases in heart rate (quadrants a and d), the difference was significantly more pronounced for quadrants b and c [p < 0.05 (Fig. 4) ]. The sum of points in quadrants b and c (sustained increases greater than 4 mslheart beat and sustained decreases greater than 4 mslheart beat) during AW for each SIDS victim and each control are plotted against the age of the infant at the time of recording in Figure 5 . ANOVA also indicated a simple effect for sleep-waking state.
In both groups of infants, the number of R-R interval differences above the minimum of 4 ms was reduced in all quadrants in AW relative to the two sleep states ( p < 0.05).
DISCUSSION
The procedures used here identified differences between infants who died of SIDS and control infants during sleep where Heart Rats Heart RRG Fig. 3 . Mean point dispersion at low (90th percentile of R-R intervals) and high (10th percentile of R-R intervals) heart rates in SIDS victims and controls during QS, REM sleep, and AW before and after the effects of heart rate are partitioned. The raw values (Actual) show a reduction in next-interval dispersions at both low and high heart rates in SIDS victims relative to controls; this difference is significant over all sleepwaking states. When heart rate is introduced as a covariate (Adjusted), the reduction in next-interval dispersion at high heart rates is virtually eliminated; however, at low heart rates, the SIDS victims continue to show reduced interval dispersion relative to controls.
pronounced at low heart rates (long R-R intervals) than at high heart rates. When we corrected for differences in basal heart rate, the simple effect of risk disappeared ( p > 0.05); however, the interaction between SIDS risk and heart rate remained significant ( p < 0.05). Figure 3 (Actz~al) illustrates the mean point dispersion Fig. 4 . Mean number of points in each quadrant in SIDS victims (,fillrd circles) and controls (open circles). The common log of each value was used in the computation of the means because the distribution of points was not normal. Quadrant a represents a decrease in R-R interval length followed by an increase; quadrant b, two successive increases; quadrant c, two successive decreases; and quadrant d, an increase followed by a decrease. The SIDS victims showed fewer points than controls in all quadrants; however, the reduction was significantly more profound for quadrants b and c (the two quadrants reflecting sustained changes in R-R interval length). summary measures failed. Heart rate variability, as assessed here by SD of R-R intervals and previously by interquartile range of R-R intervals (4), showed differences in AW but not during states of sleep. Instantaneous changes in cardiac intervals measured here, however, differed during sleep as well as AW. Specifically, the dispersion of points at both high and low heart rates in Poincari plots was significantly reduced in SIDS victims relative to control infants across all sleep-waking states. SIDS victims also had stronger correlations of one cardiac R-R interval length with the next than controls during all states. However, some differences between SIDS victims and controls were apparent only during AW. Fewer changes occurred in interbeat intervals during AW. Sustained changes in heart rate (two consecutive changes in the same direction) showed the greatest reduction in SIDS victims. Some of these differences between SIDS victims and controls were independent of differences in heart rate.
Significance of heart rate dependencies. Because some of these differences parallel changes in heart rate and others do not, more than one mechanism may underlie the differences between SIDS victims and controls. In SIDS victims, the dispersion of subsequent intervals is restricted at both high and low heart rates (I 0th and 90th percentile values of R-R intervals, respectively). Two factors appear to contribute to this effect. The restricted range of next intervals after a short R-R interval (high heart rate) disappeared when we corrected for differences in heart rate; thus, this difference in interval dispersion likely results from physiologic mechanisms similar to those responsible for the increased heart rate in SIDS victims relative to controls. The restricted range of next intervals after longer R-R intervals (low heart rate) in SIDS victims, however, is independent of differences in heart rate and most likely results from another mechanism. Similarly, differences in the number of interval changes were also unaffected by the correction for heart rate. Thus, these differences also appear to be independent of mechanisms that alter heart rate.
The reduction in next-interval dispersion at both high and low basal heart rates indicates that, for a given heart rate, the range of potential R-R interval lengths reflected in subsequent beats is restricted in SIDS victims. Restriction of short-term heart rate variation, as assessed by SD and spectral analytic procedures, is characteristic of reduced vagal tone in adults and animals (20-23). Thus, a reduction in vagal tone may underlie a portion of the diminution in heart rate variation in victims of SIDS; however, the finding that part of the difference is independent of differences in basal heart rate indicates that another mechanism may be operating.
Patterns ofheart rate change. In both SIDS victims and control infants, ARR,,, versus ARR, plots showed a greater number of points in the quadrants representing high-frequency changes in heart rate than in those depicting low-frequency changes. Heart rate variation at the respiratory frequency (respiratory sinus arrhythmia) and lower frequency heart rate variation undoubtedly contribute to the activity in the quadrants reflecting rapid changes in direction ( a and d), but the preponderance of points in these quadrants, relative to the quadrants representing sustained changes in heart rate ( b and c), indicates that many of these points represent very high frequency heart rate variation with periods of only two interbeat intervals. This very high frequency variation is considerably faster than the respiratory rate, and therefore cannot result from respiratory sinus arrhythmia. The variation more likely represents momentary changes from baseline followed by immediate return to that rate. as if the values were "clamped" about the mean rate.
During AW, the infants who died of SIDS had fewer total successive differences, both greater than 4 ms, than did those who survived infancy. Moreover, the reduction in the number of values in those quadrants representing increases and decreases in heart rate sustained over three beats was proportionally greater than the reduction in very brief changes. In effect, a change in heart rate was more likely to be followed by a change in the opposite direction (a return to baseline) in the SIDS victims than in ihe controls. ~h k findings suggest that, in the SIDS victims, a larger proportion of heart rate changes may result from momentary deviations from a clamped rate rather than coordinated physiologic responses, which would be sustained over several R-R intervals. The SIDS victims' results suggest that their cardiac interbeat intervals were more resistant to modulation than those of controls.
If changes in heart rate were random and independent, points would be randomly distributed in all four quadrants. The negative correlation between one change In heart rate and the next can be caused only by changes in heart rate that last for one beat and then return to baseline. The return to baseline in so many cases is not random, but suggests active control. We emphasize that these results do not indicate fixed heart rate in the SIDS victims.
In addition to differentiating SIDS victims from other infants, the number of sustained changes showed a profound maturational effect in the control infants. As demonstrated in Figure 5 , the number of sustained changes showed a U-shaped curve, starting at a very high level at 2 d of age, decreasing over the first week or two of life, and then increasing. With only two exceptions, all of the control infants closely followed this curve. This pattern is not unexpected, inasmuch as both heart rate and overall heart rate variation show similar developmental patterns [heart rate increases rapidly over the first week of life, then decreases, and overall heart rate variation decreases in the early postnatal period and increases thereafter (2, 4) J. It is interesting, however, that the SIDS victims do not show this developmental pattern of sustained changes, although they do show the characteristic patterns of maturation of heart rate and overall heart rate variation (2, 4) . Furthermore, although some SIDS victims showed almost as many sustained changes as the controls, another subset of the SIDS victims showed a profound reduction in these values (Fig. 5) ; thus, the population of SIDS victims does not appear to be uniform on this measure.
Autonomic nervous system influences. Cardiac instability, leading to potentially lethal arrhythmia, has been proposed as a mechanism for SIDS deaths (24-27), although the evidence for this cardiac hypothesis is largely circumstantial (28). Hyperactivity or leftlright imbalance of cardiosympathetic nerves reduces the electrical stability of the heart (29-3 1) and may precipitate ventricular fibrillation and sudden cardiac death in adults and animals (32). The cardiac instability hypothesis suggests that during the period of rapid sympathetic nervous system development, which coincides with the period of maximal risk of SIDS, some infants (particularly those with accelerated or asymmetrical sympathetic nervous system development) may be at increased risk of sudden cardiac death. Delayed or deficient cardiovagal development may accentuate the arrhythmogenic potential (33, 34) .
The parasympathetic nervous system directly mediates shortterm heart rate variation, as well as contributes to lower frequency variation (35, 36); thus, decreased vagal tone may contribute to the reduced beat-to-beat heart rate variation in SIDS victims. It is unlikely, however, that overall diminished vagal activity underlies all of the findings here. Heart rates in infants who later succumbed were higher than those of controls, but the SIDS victims retained a wide range of slow, as well as more rapid, heart rates. Furthermore, increased sympathetic activation can reduce short-term heart rate variation by inhibiting vagal activation of the heart (37, 38). Thus, either sympathetic hyperactivity or parasympathetic hypoactivity, or some interaction of the two, may underlie the diminished beat-to-beat heart rate variation observed in SIDS victims.
The reduction in interbeat dispersion at high heart rates is related to differences in basal heart rate, whereas the reduction at low heart rates is not, suggesting that different mechanisms underlie the reduction in beat-to-beat variation at high and low heart rates. The clamping of cardiac intervals, with the vast majority of heart rate changes being "corrected" by the successive beat, suggests active vagal mechanisms. because sympathetic mechanisms act too slowly to affect such rapid adjustments (39, 40) . However, sustained, high-and mid-frequency variation, which is principally under the control of parasympathetic influences, was diminished in infants who succumbed; this finding suggests a less "reactive" vagal system. Thus, infants who subsequently die of SIDS may suffer from both increased sympathetic tone and impaired vagal tone.
A number of limbic forebrain structures project to brainstem autonomic control regions, and recent evidence suggests that these rostra1 structures can modulate autonomic control (4 1-44). Thus, disturbances in the functional integrity of forebrain influences may underlie some of the differences in cardiac dynamics observed in these infants who succumbed to SIDS. Delayed myelination of limbic pathways has been described in victims of SIDS (45). A functional disruption of limbic forebrain pathways induced by such a maturational delay might contribute to the finding described here.
In addition to demonstrating reduced heart rate variability in infants who succumb to SIDS, we described the types of variation encountered at low and high rates and the changes in interval lengths at different heart rates. Such descriptions are useful in assessing cardiac patterns in congestive heart failure patients who are at risk for sudden death (8) . Determination of changes in heart intervals at different rates may be useful in assessing the particular physiologic mechanisms underlying SIDS.
Reduced heart rate variation is correlated with risk of cardiac arrhythmia (including ventricular fibrillation) and sudden cardiac death in adults and dogs with myocardial damage (46-48). The reduction in heart rateiariability demonstrated& this and previous studies of these SIDS victims (3, 4) may also indicate a potential for cardiac instability. However, SIDS victims seldom show myocardial damage (49). Myocardial damage is not a prerequisite for sudden cardiac death, but, understandably, there is little evidence on the relationship between heart rate variability and sudden death in the absence of such pathology. Thus, the potential relationship between diminished heart rate variation and risk of cardiac arrhythmia in SIDS victims remains unclear.
Limitations. It should be noted that the use of the automated infant sleep state classification system introduces a potentially confounding variable. The state classification system, which was developed based on normal infants, uses measures of cardiac rate and variation in addition to respiratory measures. In normal infants, this automated infant sleep-state classification system achieves a level of accuracy similar to that of a trained observer using all physiologic signals (15). Some of the cardiac measures it uses, however, are altered in infants at risk for SIDS. Both cardiac and respiratory measures are normalized within each recording before sleep state classification; thus. differences in mean heart rate and variation in the SIDS victims could not have affected the assignment of sleep-waking states. Differences in the way that these factors are modulated by state may, however, reduce the accuracy of the classification system in pathologic cases.
Because the state classification system is based partially on cardiac measures, some of which may be associated with the measures of interest in this study, we examined differences in heart rate dynamics across sleep-waking states after using other measures of cardiac function to define those states. This implementation was considered a necessary evil, inasmuch as respiratory measures alone differentiate REM sleep and AW with reduced accuracy, particularly during the first month of life.
The findings demonstrate abnormalities in the beat-to-beat dynamics of cardiac control in infants who later die of SIDS. Some of these differences parallel changes in heart rate and may result from similar physiologic mechanisms as those responsible for the heart rate changes. Several aspects of cardiac dynamics found in the risk group, however, were unrelated to differences in basal heart rate, indicating that at least a second physiologic or anatomical mechanism contributes to the findings described here. A portion of the differences between groups appears to reflect cardiac patterning that is actively clamped, causing heart rate to be relatively unresponsive to physiologic mechanisms. Sustained variation (two or more sustained changes in the same direction) appears to be lacking in infants who later die. The finding that this diminution in reactivity is enhanced during AW suggests a loss of integrative neural mechanisms particularly active during that state. Although it is not clear that cardiac instability is a factor in SIDS deaths. the changes in dynamic patterns of cardiac rate reported here indicate pronounced alterations in autonomic control of the heart in infants who succumb to SIDS. These aberrations may be indicative of failure in other physiologic systems that may interfere with vital functions.
